In 2001, a National Research Council committee identified a handful of grand challenge research questions in environmental sciences (1). Two of these questions are especially interesting: (i) What are the ecosystem consequences of the global loss of biodiversity? (ii) What are the causes and consequences of emerging infectious diseases? In PNAS, Rosenblum et al. (2) report on the evolutionary history of an emerging infectious disease that plays a role in causing species' decline and, under the right conditions, extinction. The research sits at the intersection of these two grand challenge questions.
Amphibians are the focus of their research for two reasons: first, for over two decades we have watched the global decline and extinction of frog and salamander populations at rates that exceed by some 200 times historical extinction levels (3, 4) ; and second, a wide body of research supports the conclusion that an epidermal fungal pathogen-the amphibian chytrid Batrachochytrium dendrobatidis (Bd)-is a major cause of decline and extinction even in protected reserves in remote places (Fig. 1) .
The Rosenblum et al. (2) results are broadly significant because ecologists, conservation biologists, and paleontologists studying the biology of extinction rarely list pathogens as a cause (5) . In addition, we are learning that fungi are responsible for widespread declines in a diversity of animals and plants (6) . There is much more we need to learn about fungi and several questions guided Rosenblum et al. (2) to findings that advance our understanding of an increasingly interesting group.
Rosenblum et al.'s (2) report begins with the question: Is the organism we call Bd composed of one or many evolutionary lineages? A decade ago we learned the answer was "many" (7). However, by integrating their 29 Bd isolates with the results of Matthew Fisher and colleagues (8) , Rosenblum et al. (2) created the largest database to date with 49 Bd isolates from around the world. Analysis of this integrated set of data revealed an older, nuanced phylogenetic history for Bd. The organism is more complex phylogenetically than we had appreciated. In particular, there is notable genetic variation and a hint of deeper genetic structure in a previously described global pandemic lineage (GPL) (8) . A diverse set of allied Bd lines complements the GPL. It is more accurate evolutionarily to think of Bd as a complex of lineages, a "they" rather than an "it." This realization will support new studies of how virulence emerges from the interaction of this genetic variance of Bd with certain hosts under particular environmental conditions.
Reported declines of amphibians in the late 1980s led herpetologists to wonder about causes, including by the late 1990s the possibility that a novel amphibian pathogen had emerged (5). Rosenblum's team advances our understanding here by asking: When did Bd originate (2)? Importantly, they used a nonBd chytrid that does not attack amphibians as a way to anchor their phylogeny, infer the order of branching events, and suggest divergence dates: "the root for the entire Bd tree was estimated to be 104,700 y B.P. and an age for the most recent common ancestor of the GPL was 26,400 y B.P." (2) (limits are 10,000-40,000 y). The authors are appropriately cautious when discussing Bd's origins. It is a work in progress, as estimates will improve with Bd sequences from more hosts and more localities, which remain an important research need. However, the fact that some Bd lineages are much older than generally appreciated is important for placing Bd's "novelty" in a historical context and for guiding how we might respond to this emerging infectious disease. Simply put, in addition to being complex genealogically, Rosenblum et al.'s (2) results suggest that Bd strains leading to major disease-caused population declines predate the late 20th century emergence of this pathogen in amphibians. Was it the case, then, that Bd was simply an unrecognized member of amphibian communities that suddenly turned lethal?
Rosenblum et al. (2) tackled this possibility: Is Bd a novel or endemic pathogen? Since Bd's description (9), a debate has centered on an emerging pathogen hypothesis in which Bd is an ecological or evolutionary novelty causing chytridiomycosis, versus an endemic pathogen hypothesis in which an environmental change turned a benign relationship lethal (10) . Some results show clearly that when Bd enters a region as an exotic species, frog populations decline, in some cases to extinction (11) . Subsequently, Bd is endemic and there is evidence that at least a few populations start to recover, presumably in response to Bd's selective sweep (12) . However, we also know that there are places in Europe, parts of sub-Sahara Africa, and the eastern United States where Bd is in frog populations with no reports of enigmatic or major disease-caused population declines of the type attributed to Bd in other areas (11, 13) . This finding suggests a nonlethal history of association. Indeed, data from Rosenblum et al. (2) reveal that "Bd is likely endemic in some parts of its range but novel in others," leading them to conclude: "One plausible scenario supported by our data is that recent Bd introductions occurred from an ancestral pool of variation that is deeper than previously considered." The tree does not cleanly fit a novel or endemic dichotomy-it is complex-with "no simple link between a single evolutionary event and observed amphibian declines." Bd has a more elaborate genealogical history than generally appreciated by the basic research and conservation communities.
Perhaps biogeography could shed some light on the question of novelty or endemicity as a basis for understanding Bd's pathogenicity? Imagine, for example, a new fungal strain or species infecting susceptible amphibians in a process analogous to when an exotic fungus infected and decimated American chestnuts and elms in the early 20th century (6) . Where did Bd originate? Japan (14) and Africa (15) are two hypothesized centers of origin. Importantly, Rosenblum et al. (2) are unique in identifying basal lineages in the Bd phylogeny, but despite this advance they concluded that "we have no direct evidence for any specific region or host species as an evolutionary source." The search for Bd's center of origin continues. At least for now, and unlike American chestnuts and elms, geographic distribution alone does not offer a simple explanation for Bd's emergence as an infectious pathogen late in the 20th century.
Aside from a biogeographic explanationor perhaps in conjunction with it-the nature of the Bd genome, and fungal genomes in general (6) , might allow especially rapid or at least distinctive evolutionary change compared with genetic systems that have attracted more research. Rosenblum et al. (2) explored Bd's genome using three related questions: What is the role of hybridization and sexual reproduction in Bd? What are the dynamics of genome evolution in Bd? What regions of the genome are under selection?
Sexual reproduction is unobserved in Bd, although hybridization is a hypothesized mechanism for the origin of the GPL clade (8) . Some Bd isolates may have a hybrid history according to Rosenblum et al. (2), but their data are more consistent with mitotic rather than meiotic recombination, with no support for a hybrid origin of the GPL clade. We need to understand these features of Bd's biology better than we do because sex can accelerate biological evolution. Other dynamic genome processes included loss of heterozygosity across the Bd tree and changes in chromosome copy number without changes in ploidy of the entire chromosomal set. As the authors note, the speed with which these various genetic processes can occur may help explain rapid evolutionary changes in response to environmental shifts or invasion of new habitats.
In the report by Rosenblum et al. (2), the authors also identify gene families as potential candidates for Bd's pathogenicity that are consistent with other genomic analyses (16) . The data suggest that the expansions occurred before the spread of the GPL. Rosenblum et al. (2), along with others (8, 16) , are setting the stage for functional genomic, physiological, and interdisciplinary studies linking levels of analysis: in other words, a systems biology approach to understanding how the amphibian-Bd host-pathogen system works from molecules to organisms to species to population and community dynamics to phylogenetic changes via extinction. Emergence and virulence are intertwined as a classic problem in evolutionary ecology or eco-evolutionary dynamics. The research reported by Rosenblum et al. (2) builds on previous studies but extends them by several new, interesting steps that are needed for a deeper, synthetic understanding of the evolutionary history of this pathogen and how it functions. In doing so, the Bd-amphibian results will continue contributing to our understanding of a much wider range of hostpathogen systems.
Finally, the work by Rosenblum et al. (2) is another example of how research to understand the causes of amphibian decline has much to tell us about the changing process of science. This team-oriented, multilaboratory, and multiauthor project is like many others that began emerging around this problem in the late 1990s and early 2000s (5, 17) . The research is often interdisciplinary, with a focus on theory as well as conservation, ethical, and policy outcomes. The community rapidly adopted new methods, starting with PCR, then quantitative PCR, now nextgeneration gene sequencing, all the while applying them readily to nontraditional model organisms. Evidence about systems was often gathered through a combination of laboratory and field work, with modeling facilitated by iterative and cross-disciplinary collaboration among research groups, a process that Plowright et al. (18) called triangulation. All of this has led to rapid advances in our understanding of the causes of amphibian decline (5) . It remains without a doubt a work in progress, a detective story yet to be solved, and participants, such as Bd, to be understood better than they are already. Encouragingly, the research by Rosenblum et al.
(2) moves us closer to solving the mystery at the intersection of amphibian biodiversity loss and infectious disease emergence.
